and 20 Hospital La Princesa, Madrid, Spain tions involving FANCA and 2 adjacent genes. Finally, we show that all missense mutations studied lead to an altered FANCA protein that is unable to relocate to the nucleus and activate the FA/BRCA pathway. This may explain the observed lack of correlation between type of FANCA mutation and cellular phenotype or clinical severity in terms of age of onset of hematologic disease or number of malformations. (Blood. 2011;117(14):3759-3769) 
Fanconi anemia is characterized by congenital abnormalities, bone marrow failure, and cancer predisposition. To investigate the origin, functional role, and clinical impact of FANCA mutations, we determined a FANCA mutational spectrum with 130 pathogenic alleles. Some of these mutations were further characterized for their distribution in populations, mode of emergence, or functional consequences at cellular and clinical level. The world most frequent FANCA mutation is not the result of a mutational "hot-spot" but results from worldwide dissemination of an ancestral Indo-European mutation. We provide molecular evidence that total absence of FANCA in humans does not reduce embryonic viability, as the observed frequency of mutation carriers in the Gypsy population equals the expected by Hardy-Weinberg equilibrium. We also prove that long distance Alu-Alu recombination can cause Fanconi anemia by originating large interstitial dele-
Introduction
Fanconi anemia (FA) is a rare genetic disease characterized by congenital abnormalities, bone marrow failure, and predisposition to cancer. Fourteen FA complementation groups and their corresponding genes have been identified (FANC-A, -B, -C, -D1/BRCA2, -D2, -E, -F, -G, -I, -J/BRIP1, -L -M, -N/PALB2, and -O/RAD51C). Proteins encoded by these genes participate in repair of DNA interstrand crosslinks and are essential for accurate processing of stalled replication forks. Four of the FA genes (FANCD1/BRCA2, FANCJ/BRIP1, FANCN/PALB2, and FANCO/RAD51C) are known breast cancer susceptibility genes, connecting FA proteins to homologous recombination repair. [1] [2] [3] The incidence of FA is calculated to be approximately 1 to 5 cases in 1 million births. FA-A is the most frequent complementation group representing approximately two-thirds of the patients in the majority of countries. FA-C and FA-G are also frequent, each accounting for 10% to 15% of the patients, whereas the other groups are rare. 4, 5 A higher incidence of FA is observed in some particular ethnic groups, such as Spanish Gypsies, 6 Ashkenazi Jews, 7 and Afrikaaners from South Africa 8 because of founder effects associated with a particular mutation.
FA-A is usually associated with private FANCA mutations in individual families. Thus, the number of different pathogenic variants described for the FANCA gene is very high considering the relatively low number of patients. [9] [10] [11] [12] [13] [14] Mutation type is also heterogeneous, including point mutations, small insertions/ deletions, splicing mutations, and large intragenic deletions. Therefore, it is necessary to combine several methodologies for mutation screening. Determination of family pathogenic variants is the ultimate confirmation of diagnosis and can be used as a strategy for subtyping or confirming it, and is necessary for molecular prenatal or preimplantation tests and mutation carrier detection.
Complementation group frequencies of the Spanish FA population have previously been determined. 15 As reported, FA-A is the most common complementation group, representing approximately 80% of the patients. To investigate the origin, functional role, and clinical impact of FANCA mutations, we have performed mutation analysis of 67 Spanish FA-A patients previously assigned to complementation group A and ascertained for congenital malformations and clinical course by the Spanish FA Research Network. A complete FANCA mutational spectrum is presented. Some of the Submitted July 30, 2010; accepted December 30, 2010 . Prepublished online as Blood First Edition paper, January 27, 2011; DOI 10.1182/blood-2010-08-299917.
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The publication costs of this article were defrayed in part by page charge payment. Therefore, and solely to indicate this fact, this article is hereby marked ''advertisement'' in accordance with 18 USC section 1734. mutations found were further characterized at the molecular and/or functional level. We prove that long distance recombination can result in large interstitial deletions involving FANCA and adjacent genes. We also show that all missense and other nontruncating FANCA mutations lead to a nonfunctional FANCA protein unable to relocate from the cytoplasm to the nuclei, thus explaining the lack of correlation between FANCA mutation and cellular or clinical phenotype in terms of age of onset of hematologic disease and number of malformations.
Methods

Patients and samples
The diagnosis of FA was confirmed on the basis of diepoxybutane (DEB)-induced chromosome fragility tests, as previously described. 15, 16 Clinical data from the FA patients were obtained from their clinicians, including age of onset of hematologic disease and number of congenital malformations as previously described. 17 Classification of patients as having T-cell mosaicism was based on a percentage of aberrant cells less than 50% to 60%. 18 Family informed consent was obtained for all patients included in this study in accordance with the Declaration of Helsinki. This investigation was approved by the Universitat Autònoma de Barcelona University Ethical Committee on Human Research.
Genomic DNA samples from 67 Spanish FA-A patients were obtained, using a standard phenol-chloroform extraction method, from blood, lymphoblastoid cell lines (LCLs), or primary fibroblasts. When necessary, cDNA was synthesized from total RNA using Superscript II RNase H reverse transcriptase (Invitrogen). Thirteen of the patients belong to the Gypsy ethnic group and were directly subtyped by mutation analysis. Of the remaining 54 patients (of white origin), 52 had previously been assigned to FA-A complementation group by retroviral complementation analysis, whereas in 2 of them, the complementation group was identified by mutation analysis. Exon 4 was sequenced in 135 randomly selected persons from the Spanish Gypsy population.
Cell lines and culturing
Patient-derived primary fibroblast and Epstein-Barr immortalized LCLs were generated as previously described. 15 LCLs were cultured in RPMI ϩ 15% fetal bovine serum ϩ antibiotics. Primary fibroblasts were maintained in Dulbecco modified Eagle medium ϩ 15% fetal bovine serum ϩ antibiotics.
Mutation screening
Mutation analysis was performed as described by Ameziane et al. 19 To detect point mutations, all exons and flanking intronic regions were amplified by polymerase chain reaction (PCR) and analyzed by denaturing high-performance liquid chromatography and sequencing. Large deletions were detected using a Multiplex Ligation-Dependent Probe Amplification (MLPA) kit (SALSA MLPA Kit P031/P032-A2 FANCA) developed by MRC-Holland BV.
Haplotype analysis
Haplotypes associated with the mutation c.3788_3790delTCT in FANCA were determined by analysis of 10 single nucleotide polymorphisms (SNPs) located inside the FANCA region and 4 highly polymorphic microsatellites consisting of a variable number of tandem repeats (VNTRs), flanking FANCA. Regions containing each SNP were amplified by PCR and analyzed using denaturing high-performance liquid chromatography. Primers for VNTR analysis were labeled with fluorochrome 6-FAM, and fragment length was analyzed using the ABI3130XL automatic sequencer. All primers used are listed in supplemental Table 1 (available on the Blood Web site; see the Supplemental Materials link at the top of the online article).
Breakpoint determination of ex1-20del
Microarray comparative genomic hybridization was initially used to narrow down the deletion breakpoint. Two microarrays were used: (1) HumArray3.2, in collaboration with the Array Core Facility of the University of California San Francisco, consisting of 2464 bacterial artificial chromosomes spotted in triplicate with an average spacing between clones of 1.4 Mb; and (2) whole-genome tiling-path bacterial artificial chromosome array, in collaboration with British Columbia Cancer Research Center, consisting of 32 433 bacterial artificial chromosomes. For analysis of homozygosity/hemizygosity of SNPs, several regions containing polymorphic SNPs were amplified by PCR. Supplemental Table 2 describes primer sequences and conditions used to amplify each SNPcontaining region. After amplification, PCR products were purified using NucleoSpin Extract II Kit (Macherey-Nagel, catalog no.740609250) and sequenced. Six regions inside TCF25 (transcription factor 25, a transcription silencer) were amplified by quantitative real-time PCR for relative copy number determination. LightCycler 2.0 system (Roche Diagnostics) was used. Amplification reactions were prepared using LightCycler DNA Master SYBR Green I Kit (Roche catalog no. 03003230001), as specified by the manufacturer. Primer sequences and amplification conditions are specified in supplemental Table 3 . To amplify the fragment containing the breakpoints, Taq Platinum polymerase (Invitrogen, catalog no. 10966018) was used, following the manufacturer's instructions. The following primers were used: primer F, 5Ј-TGGCAG-TAGGTGGAGTACAG-3Ј; primer R1, 5Ј-AGACACTCAGTGTGAGC-CAC-3Ј; and primer R2, 5Ј-CTGGACACTTCGATGGAGAG-3Ј. Before sequencing, a 0.9-kb fragment obtained by PCR amplification using primers F and R2 was cloned using TOPO TA system (Invitrogen, catalog no. K4500). Minipreps were performed using NucleoSpin Plasmid QuickPure Kit (Macherey-Nagel, catalog no. 740615). The 0.9-kb fragment was sequenced using universal primers.
FANCD2 monoubiquitination studies, cell fractionation, and Western blot analyses
FANCD2 monoubiquitination was analyzed after treatment of cell lines with 2mM hydroxyurea (HU) for 24 hours. Protein whole cell extracts were prepared using RIPA buffer (Upstate Biotechnology, catalog no. 20-188) essentially as we recently described. 20 Briefly, 5 million cells were washed with phosphate-buffered saline and resuspended in RIPA buffer containing protease and phosphatase inhibitors (CompleteMiniethylenediaminetetraacetic acid free, Roche Diagnostics, catalog no. 1836170001; and PhosSTOP, Roche Diagnostics, catalog no. 0490683700). Benzonase (Novagen, catalog no. 70746) was added at a final concentration of 25 U/mL, and samples were incubated for 10 minutes at room temperature. Nuclear and cytoplasmic fractions were prepared following the procedure established by Mendez and Stillman 21 with some modifications. Briefly, 5 ϫ 10 6 cells were resuspended in 200 L of solution A (10mM N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid, 10mM KCl, 1.5mM MgCl 2 , 340mM sucrose, 10% glycerol, 1mM dithiothreitol, 0.1% Triton X-100) and incubated for 10 minutes on ice. Cytoplasmic fractions were separated by centrifugation (1300g, 4 minutes). Pellets containing nuclei were washed once in solution A and lysed in 100 L of solution B (2mM ethylenediaminetetraacetic acid, 0.2mM ethyleneglycoltetraacetic acid, 1mM dithiothreitol, 150mM NaCl, protease and phosphatase inhibitors, and 25 U/mL benzonase). Protein concentration was measured using Bio-Rad Protein Assay (Bio-Rad, catalog no. 500-0001), following the manufacturer's instructions. Protein extracts were then loaded on an sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel and subjected to standard Western blot procedure followed by immunodetection, as previously described. 22 Primary antibodies used and working dilutions were as follows: anti-FANCA (gift of the Fanconi Anemia Research Fund, 1:500), anti-FANCD2 (Abcam, ab2187; 1:2500), anti-ACTIN (Abcam, ab8226; 1:5000), anti-ORC2 (Abcam, ab68348; 1:500), and anti-GAPDH (Abcam, ab9485; 1:2500).
FANCA foci and immunohistochemistry
To induce FANCA foci, cells were treated with 2mM HU for 24 hours. After treatment, 2 ϫ 10 6 cells from patient-derived LCLs were resuspended in 200 L of RPMI and extended on poly-lysine coated slides. Cells were incubated in hypotonic solution (phosphate-buffered saline 0.4ϫ) for 1 minute and then fixed with 4% formaldehyde for 10 minutes. Immunodetection was performed as previously described. 22 Antibodies used and working dilutions were as follows: anti-FANCA (Fanconi Anemia Research Fund; 1:500), anti-␥-H2AX (Upstate Biotechnology, DS-636; 1:3000), Alexa 488 antirabbit (Invitrogen, catalog no. A11034; 1:500), and Alexa 568 antimouse (Invitrogen, catalog no. A11031; 1:1000). 
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Statistics
The effect of type of mutation on spontaneous and DEB-induced chromosome fragility test was evaluated using parametric tests (t test), as a normal distribution was observed in both groups. For the analysis of effect of type of mutation on the severity of clinical markers, nonparametric tests were used (U Mann-Whitney). All statistical analyses were performed using SPSS software package.
Results
Spanish FANCA mutational spectrum
A total of 130 mutated alleles have been identified among 67 Spanish FA-A patients, 13 of them belonging to the Gypsy ethnic group. One of the 2 FANCA mutations could not be identified in 4 patients unequivocally subtyped as FA-A. In all of these 4 cases, either the patient was mosaic and/or LCLs from where the DNA was extracted was reverted. Thus, probably the reason why the second mutation could not be detected was that it had been reverted to normal, generating a functional allele. Either way, the overall mutation detection success rate was 97%.
A comprehensive list of all different mutations found is provided in Table 1 . A list of all FA-A patients and their corresponding mutations is also provided (supplemental Table 4 ). Among 130 mutated alleles, 52 different pathogenic mutations were identified, 20 of them novel. The majority of mutations were point mutations and small insertions/deletions. Many of the latter were most probably caused by DNA polymerase slippage during replication, as they are often (6 of 13) associated with short direct repeats or homonucleotide tracts. Fifteen of the novel mutations were clearly pathogenic (2 nonsense mutations, 8 mutations causing frameshift and premature protein synthesis termination, and 5 large deletions). Five of them affected splicing recognition signals, and their predicted effect (indicated in the table) was confirmed on mRNA from LCLs. One of the mutations affecting splicing was surprisingly deep intronic (c.893 ϩ 920 C Ͼ A). This mutation was seen to activate a cryptic splicing recognition site, resulting in the incorporation of new exonic sequences (data not shown). Finally, the remaining 4 (p.L274P, p.C625S, p.Q742K, and p.L1305F) were missense mutations. Pathogenicity of these mutations was evaluated using 3 different bioinformatic algorithms: Grantham's scale, 31 POLYPHEN, 32 and SIFT. 33 Although caution should be taken with software predictive programs to evaluate the pathogenicity of missense variants, all 3 algorithms concluded that the variants p.L274P, p.C625S, and p.Q742K would probably compromise protein function. Predicted pathogenicity of mutation p.L1305F was controversial, as the amino acid change is conservative, but the position is conserved through evolution, indicating that this could be an important residue for protein function. The fact that this variant (1) was not found in 3 unrelated patients, (2) is not reported as an SNP, and (3) was not found in more than 100 geographically matched chromosomes (data not shown) probably confirms the pathogenic character of this amino acid change. However, a functional test would be required to be 100% certain of the pathogenic nature of this variant.
A schematic representation of the Spanish FANCA mutational spectrum is shown in Figure 1 . As reported before, almost all patients belonging to the Gypsy ethnic group share a common truncating mutation in exon 4 (c.295C Ͼ T, p.Q99X). 6 Only recently, one Gypsy patient was seen to be homozygous for a different mutation (ex4-6del). Mutation c.295C Ͼ T was also detected in homozygosity in 5 Portuguese Gypsy patients analyzed (data not shown), indicating that this mutation has extended throughout the Iberia peninsula. The carrier frequency for this mutation among Spanish Gypsies was previously estimated to be 1 of 67 according to Hardy-Weinberg equilibrium, the highest FA mutation frequency in the world ever reported. 6 To validate this estimation, 135 DNA samples of randomly selected healthy Spanish Gypsy persons were obtained and screened for the c.295C Ͼ T mutation. Two carriers were detected among 135 Gypsies (data not shown), confirming the expected carrier frequency in this population (P Ͻ .05). To our knowledge, this result is the first molecular evidence that FANCA absence has no impact on embryonic viability during development. Although this conclusion was obtained in Spanish Gypsies, it can probably be extrapolated to all FAA persons, as this mutation leads to a stop codon and therefore to an N-ter truncation. 6 As expected, the mutational spectrum in white Spanish patients is much broader. However, some recurrent mutations were detected: c.3788_3790delTCT in exon 38 (20.7% of patients), c.1115_1118delTTGG in exon 13 (9.4% of patients), and c.3558insG in exon 36 (7.5%). Based on the results of this study, a workflow to optimize mutation screening on Spanish white patients was designed. This strategy consisted of 3 rounds of screens, starting with an MLPA to detect all intragenic large deletions and the sequencing of exons 13, 36, and 38. This first round would detect 58.5% of all Spanish FANCA mutations. Rounds 2 and 3 include sequencing of 15 and 8 exons, respectively. No mutations have been found up until now in the remaining 17 exons of FANCA among Spanish patients; therefore, a fourth round of sequencing would not be required in the great majority of cases. To determine whether this strategy is exportable to other populations, the frequency of mutations in each exon was calculated from the FA Mutation Database. As seen in the lower panel of Figure 2 , the first round would also include the screening of the most frequent mutations in other populations worldwide; and together with the next 2 rounds, this strategy would detect close to 90% of all FANCA mutations.
On the origin of the most frequent FANCA mutation in the world: c.3788_3790delTCT
The exon 38 mutation c.3788_3790delTCT is the most frequent FA mutation, not only in Spain (20.7% of all mutated alleles), but also in the rest of the world. This mutation is shared by 80% of patients from La Palma Island (Canary Islands, Southern Spain), suggesting a founder effect that explains the extraordinary high frequency of FA patients in this island (1 in 16 000 births, the highest frequency of FA reported up to now). Similarly, this mutation also accounts for an elevated percentage (51%) of the mutations found in Brazilian patients. 12 To determine whether this high frequency is the result of the spreading of a very ancestral mutation or, alternatively, the result of a mutational hotspot associated with the phenomenon of DNA polymerase slippage (this small deletion is associated to a trinucleotide direct repeat), we performed a comprehensive haplotype analysis in a total of 28 patients sharing this mutation but belonging to geographic distant populations (Spain, Brazil, Mexico, Argentina, Peru, United States, United Kingdom, Portugal, Germany, Pakistan, and Nigeria). This analysis was made possible by the elevated number of SNPs in the FANCA gene. 12 As shown in Figure 3A , all patients analyzed, except the Nigerian patient, are carriers of the same haplotype, referred to here as haplotype 1, based on the analysis of 10 FANCA intragenic SNPs. However, this haplotype is very common in Western populations (31% of alleles according to HapMap, CEU population). To rule out the possibility that the same mutation appeared in different persons with the same haplotype, 4 highly polymorphic VNTRs were also analyzed ( Figure 3A bottom panel) . The 2 microsatellites located at 5Ј of FANCA ( Figure 3B ) were identical in all haplotype 1-carrying patients analyzed, confirming that they all share a common ancestor and therefore ruling out a mutational hotspot.
Breakpoint characterization of ex1-20del
The majority of large intragenic deletions in FANCA are caused by recombination between 2 Alu repeats located in cis as reported for many other genes. 25, 34, 35 However, when one of the breakpoints is telomeric versus exon 1, it is possible that the deletion does not result from intrachromosomal recombination, but from a terminal deletion (with a single breakpoint) as FANCA is very close to 16q telomere. In addition, it is not known whether long distance recombination can also cause FANCA deletions. To further understand the mechanisms of origin of large FANCA deletions, we genetically characterized a large deletion involving the first exon and, therefore, with a putative breakpoint between FANCA and 16q telomere. This analysis was done in the 2 patients with an ex1-20del previously detected by MLPA (Table 1) . We sequentially approached and narrowed down the telomeric breakpoint by FANCONI ANEMIA FANCA MUTATIONS 3763 BLOOD, 7 APRIL 2011 ⅐ VOLUME 117, NUMBER 14 For personal use only. on September 16, 2017. by guest www.bloodjournal.org From several methods. First, microarray comparative genomic hybridization (the ex1-20del patient was included as control in an independent comparative genomic hybridization project) revealed that this FANCA mutation was not caused by a terminal 16q deletion but by an interstitial deletion with 2 breakpoints, the first necessarily between exons 20 and 21 of FANCA and the second within a region of 276 kb at 5Ј of FANCA (supplemental Figure 1) . We then applied hemizygosity analysis of SNPs in one of the patients and both parents (supplemental Figure 2 ), leading to a region of 35 kb containing the second breakpoint inside a gene located at 5Ј of FANCA near the 16q telomere, the TCF25 gene. Because no more informative SNPs were found, several regions were then amplified and allele copy number was determined by quantitative real-time PCR (supplemental Figure 3) . This led us to map the second breakpoint inside intron 5 of TCF25, a region rich in Alu repeats. At this point, a fragment including the breakpoint was amplified by PCR using a forward primer (primer F) located inside exon 21 of FANCA and 2 distinct reverse primers at intron 5 of TCF25 (primers R1 and R2), as shown in Figure 4A . A PCR fragment was successfully obtained using both sets of primers in the 2 patients carrying ex1-20del (FA145 and FA58), but not in control DNA ( Figure 4B ). The smaller 0.9-kb fragment containing the break-point was cloned and sequenced, confirming the adjacent presence of intron 20 of FANCA and intron 5 of TCF25 with an ALU repeat in between ( Figure 4C) . Therefore, the deletion analyzed here spans 112.5 kb and involves 3 genes, FANCA, SPIRE2, and TCF ( Figure 4D ), revealing that long distance Alu-Alu recombination can occur in cis, leading to the generation of very large pathogenic deletions.
Functional characterization of missense FANCA mutations
Functional consequences of missense and other nontruncating mutations (in-frame deletions and insertions) distributed along FANCA were analyzed for protein expression, residual activity, and protein subcellular localization. This study was done with missense FANCA mutations found in 13 Spanish patients where cell lines and phenotypic data were available for functional studies. The list of patient-derived cell lines analyzed and their corresponding mutations is provided in Table 2 . As shown in Figure 5A , all cell lines carrying at least one nontruncating mutation (missense or splicing mutation leading to a 10 amino acid insertion) expressed altered FANCA protein. Quantification of protein expression ( Figure 5B ) revealed a good correlation between gene dosage and residual protein level, as cell lines carrying 2 missense mutations expressed a level of FANCA almost equivalent to wild-type, whereas those cell lines with one nontruncating mutation expressed only 30% to 40%. The residual activity of these altered FANCA For personal use only. on September 16, 2017. by guest www.bloodjournal.org From proteins was then tested by analyzing FANCD2 monoubiquitylation. As shown in Figure 5C , residual monoubiquitylation of FANCD2 was not detected in any of the FA-A cell lines expressing an altered FANCA protein. Finally, subcellular localization of FANCA was also evaluated by Western blot ( Figure 5D ) and immunohistochemistry ( Figure 5E ). In all mutated cell lines, the altered FANCA protein was mainly located in the cytoplasm, whereas it is both cytoplasmic and nuclear in wild-type cells. Although we cannot rule out the possibility that a residual proportion of FANCA could still be able to enter into the nucleus of the FA cells, the quantity would be dramatically reduced (5-to 20-fold) compared with the wild-type, according to densitometric analysis ( Figure 5D ). By immunohistochemistry, FANCA forms nuclear foci colocalizing with ␥-H2AX on HU treatment in wild-type cells but, as expected, no FANCA foci were observed in the mutated FA cell lines expressing an altered FANCA protein. This set of data allowed us to conclude that, in all FA cells bearing at least one nontruncating mutation, a rather stable FANCA protein is indeed produced, but it is nonfunctional because of its reduced ability to normally translocate to the nucleus, bind stalled replication forks, and activate the FA/BRCA pathway by FANCD2 monoubiquitylation.
Genotype-phenotype correlations
Previous studies suggest an association of mutation type with clinical outcome in FA in the sense that patients homozygous for null mutations had an earlier onset of anemia compared with patients expressing an altered FANCA protein. 36 The authors hypothesized that a milder clinical phenotype would not be unexpected if the altered protein had partial activity. To further investigate this issue, we studied the association between type of mutation, the sensitivity of the peripheral blood T cells of the patient to interstrand crosslink-inducing agents, and severity of clinical phenotype in the Spanish FA-A cohort. Patients were divided into 2 groups, depending on FANCA protein expression: patient homozygotes for 2 null mutations versus patients with 1 or 2 missense mutations leading to an altered protein. FANCA expression/absence and functionality were previously confirmed in all patients ( Figure 5 ; and data not shown). Because all missense mutations led to altered nonfunctional FANCA protein ( Figure 5 ), all patients expressing a nonfunctional FANCA were included in the same category. Spontaneous and DEB-induced chromosome fragility was evaluated on peripheral blood T cells in all patients, and those showing a T-cell mosaicism were excluded from this genotype-phenotype analysis. As shown in Figure 6A and B, no differences in spontaneous and DEB-induced chromosome fragility were observed between the 2 mutation subtypes, which is consistent with the absence of nuclear FANCA observed in all mutant patient-derived cell lines ( Figure 5 ). We then analyzed the effect of mutation subtype on clinical phenotype that was measured using 2 parameters: number of malformations and age of onset of hematologic disease, following previously established criteria. 17,36 As shown in Figure 6C , the age of onset of hematologic disease is virtually identical in the 2 mutation subtypes (6.65 Ϯ 0.47 years vs 6.25 Ϯ 1.11 years). The number of malformations is also similar in the 2 mutation subtypes as shown in Figure 6D (3.25 Ϯ 0.36 vs 3.36 Ϯ 0.53). Thus, all data lead to the conclusion that the severity and evolution of the clinical phenotype are not improved by the residual presence of a non functional FANCA protein in patients bearing nontruncating mutations.
Discussion
Mutation analysis of Spanish FA-A patients revealed a wide FANCA mutational spectrum. Fifty-two different mutations were detected among 67 FA patients, 20 of them novel, and reported here for the first time. Small deletion and insertions were common and most probably caused by DNA polymerase slippage during replication as they are often (6 of 13) associated with short direct repeats or homonucleotide tracts as previously reported. 37 Three mutations were recurrently found in exons 13 (c.1115_1118delTTGG), 36 (c.3558insG) , and 38 (c.3788_3790delTCT). These mutations represent the 3 most frequent FANCA mutations. 23 As in many other populations, 14, 25, 38 a considerable proportion of large intragenic deletions (15.4%) were found among Spanish mutated alleles. Based on the results of this study, we propose a strategy to screen FANCA mutations that includes serial rounds of PCR/sequencing reactions and an MLPA reaction. Detection of deletions and sequencing of only exons 13, 36, and 38 allow nearly 60% of mutations to be identified in FA-A Spanish patients. At the same time, this strategy is also exportable to other populations as it allows approximately 50% of mutations to be detected with the first round and close to 90% with the other 2 rounds. Thus, assuming that 3 of 4 patients worldwide are FANCA and that the first 3 rounds would detect 4 of 5 mutations, this strategy would allow the direct subtyping and mutation detection of 60% of all FA patients (75% of all Spanish FA patients) in less than a week. Consequently, only a minority of patients would require further subtyping and sequencing efforts. We are currently investigating the applicability of the proposed workflow to Latin American patients as we expect that our strategy will enable pathogenic mutations to be detected in an even higher percentage of patients because of founder effects, as seen in La Palma Island (later in "Discussion"). In conclusion, this scheme will make the turnaround time for diagnosis faster because approximately 2 of 3 mutations are expected to be found in less than a week. This is especially important when urgent prenatal tests are required.
Embryonic lethality has been associated with mutations in some FA genes, in particular, with FANCD1/BRCA2. 38 In Spain, with an estimated frequency of BRCA2 carriers of 1 of 500, the number of FANCD1 patients would be more than 40 fold below that expected by Hardy-Weinberg equilibrium. In contrast, we provide the first molecular evidence that biallelic FANCA mutations do not challenge embryonic development in humans; otherwise, the observed number of the Gypsy mutation carriers would have been lower than expected. This lack of negative selection could partially explain the predominance of the FA-A complementation group among FA patients. This clearly distinct effect between FANCA and FANCD1 mutations on embryo viability and development further supports the idea that FANCD1 patients (and probably other downstream patients) partially overlap FA phenotype but are a distinct clinical entity from a genetic, functional, and syndromic perspective.
Mutation c.3788_3790delTCT in FANCA is the most common FA mutation in Spain and in the rest of the world. It is particularly common in Brazil 39 and other populations of white or Latin origin, 24 but it has also been detected in other distant populations, such as Nigeria and Pakistan. We also detected a founder effect of this mutation in La Palma Island (Canary Islands). A complete haplotype analysis of patients from inland Spain, La Palma island, Brazil, Mexico, Argentina, Peru, United States, United Kingdom, Portugal, Germany, Pakistan, and Nigeria all bearing this mutation revealed that all patients share a common ancestor with the only exception of the Nigerian patient, whose mutation was previously reported. 24 Therefore, even though this small deletion is associated to a short trinucleotide repeat, the high frequency and worldwide distribution of c.3788_3790delTCT are not the result of a mutational hotspot but caused by a very ancestral mutation that has been disseminated from Indo-European countries to North and South America in the last few centuries. In this spreading process, La Palma Island cluster was probably originated by a founder effect less than 400 years ago, when all ships navigating from Spain to America had to mandatorily transit via this island.
Intragenic large deletions are very common in FANCA. It has been repeatedly demonstrated that the majority of these deletions are the product of a recombination between Alu-repeats in cis. 12, 25, 40 The breakpoints of one of these deletions (ex1-20del) were characterized for this purpose. We found that recombination between very distant Alu repeats (at least 112 kb apart) can also result in large deletions involving adjacent genes (SPIRE2 and TCF25). This result indirectly proves that SPIRE2 and TCF25 are not mutated in any autosomal dominant inherited syndrome, as 3 identified carriers of this deletion are completely normal and healthy. In addition, the 2 FA patients with this deletion are classic FA patients with no signs of any other clinical abnormality unrelated to FA mutations.
According to the Fanconi Anemia Mutation Database, approximately one-fourth of the mutations found in FANCA are missense mutations, which can be found distributed all along the gene. Studies on residual function of the resulting mutant proteins often lead to the discovery of functionally important protein domains. However, apart from NLS and phosphorylation residues, 41,42 no additional domains have been so far described for FANCA. The results of this study show that all missense mutations analyzed, independently of their position within the gene, lead to common functional consequences: a mutant protein is expressed at rather normal levels relative to gene dosage, but the FA/BRCA pathway remains inactive because of the impaired nuclear transport of the mutant protein. This is in agreement with previous studies for some particular missense mutations. 43, 44 Therefore, DNA damage signaling and other possible nuclear FANCA functions are completely abolished in all FANCA mutants irrespective of the mutation type.
A previous study suggests that FA patients homozygous for null mutations had an earlier onset of anemia compared with patients expressing an altered FANCA protein. 36 The authors hypothesized that a milder clinical phenotype would not be unexpected if the altered protein had partial activity. In keeping with the aforementioned conclusion, we could not detect any genotype-cell pheno-type association in terms of the ability of the FA cell to process stall replication forks and hence avoid chromosomal aberrations (either spontaneous or DEB-induced). Similarly, no clinical differences in terms of age of onset of hematologic disease and number of malformations were found between patients who do not express FANCA and patients who express a mutant form of the protein. The aforementioned study 36 includes a high proportion of South African Afrikaner FA patients with a homozygote deletion of ex12-31; therefore, they could not exclude population-specific effects (Christopher Mathew, email, April 22, 2010) . Our results, together with the evidence of different clinical phenotypes even in siblings carrying the exact same mutations, 36 and the apparent discrepancy between American and European cohorts, suggest that mutation type has little prognostic value in FA-A patients and that many other players, including stochastic factors, genetic background, ethnicity, and environmental exposures, play a critical role in the clinical evolution of the disease. Finally, it is tempting to speculate 2 potential therapeutic consequences of our results. First, patients with missense mutations would probably not generate an immunologic response after gene therapy as they expressed a rather stable protein with similar antigenicity compared with wild-type FANCA, according to our Western blot data. Second, the chances of finding drugs able to reactive the FA pathway are probably higher if the screening is done in FA cells with missense mutations leading to an abnormal protein.
